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The Effects of Ontogenetic Changes and Sexual Dimorphism on the Strength of
Turtle Shells.
Over the course of evolution, different species have developed a wide range of
tactics to evade predation. In Cheionii, the order under which all turtles are classified, an
armored shell has evolved to help individuals withstand the compressive forces that may
be applied by potential predators (Magwene and Socha, 2013; Damiens et al., 2012). For
terrestrial and semi-aquatic turtles, general predators include coyotes, small mammals
such as raccoons and opossums, and some species of birds (Parlymiller) while predators
of adult marine turtles include orcas and large species of sharks (Kennedy). The different
predatory threats that each species of turtle faces may present a selective force leading to
the interspecies differences seen in shell shape, size, and ossification (Magwene and
Socha, 2013; Gilbert et al., 2001; Krauss et al., 2009).
The shape of a turtle shell can range from the very flat, like that of a sea turtle, to
dome-shaped ones such as those of the common map turtle and box turtle (Leatherback
Turtle; Fish and Stayton 2014; BoXTurtles). Some speci es have rather smooth shells
while others, such as the common snapping turtle, have large vertebral keels that make
the shell appear to be made of fused pyramids. Shells can also vary greatly in size from
just a few centimeters to nearly 2 meters in length (Leatherback Turtle). And finally,
while species such as the common map turtle have fully ossified shells, most marine
turtle shells tend to be only partially ossified (Fish and Stayton, 2014; Leatherback
Turtle).
In addition to the sometimes drastic interspecies differences in shell shape, size
and ossification, there are also differences that exist between the shells of individuals of
the same species (Fish and Stayton, 2014; Magwene and Socha, 2013; Vega and Stayton,
~------~
Turtle Shell Structure:
Previous studies have found that turtles are preyed upon far less often than other
reptiles such as lizards or snakes (Fish and Stayton, 2014). The difference between the
predation rates ofturtles and other reptiles can be explained by the presence of the
lurtle's shell; it acts as annor, providing protection from predation as its primary function
(Magwene and Socha, 2013; Damiens et al., 2012). It is composed of two major
subunits, the dorsal carapace and ventral plastron, which are connected at the bridge, a
region running laterally along the side oithe turtle (Magwene and Socha, 2013; Gilbert et
al., 2001; Krauss et al., 2009). These two subunits are constructed from vertebrae and
ribs that are connected by dennal bones (KrausS et al., 2009). The carapace consists of 88
different bones, 38 of which are paired and 12 that are unpaired. Likewise, the plastron is
also composed of a multi-bone arrangement with 6 paired and 3 unpaired bones. The use
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2011). Both the developmental stage of an individual and the sex of adult individuals
seem to account for the observable differences seen within a given species of turtle.
These ontogenetic and sexually dimorphic traits are thought to directly affect the overall
strength 0fa turtle's shell (Fish and Stayton, 2014; Vega and Stayton, 2011). A variety 0f
studies have been conducted to determine the extent that these characteristic differences
influence an individual's shell strength and its ability to withstand the compressive forces
applied by predators. This paper, therefore, looks at the overall structure of a turtle's
shell, how the shape, size and level of ossification of a shell changes during ontogeny and
as sexual dimorphism becomes apparent, and also examines how these changes effect
overall shell strength.
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of multiple bones to form this annored plate allows the bones to grow and interact with
one another, resisting compression (Krauss et al., 2009).
The bones of the shell are composed of two thin cortical layers, an endocortical
and exocortical (Krauss et al., 2009). The cortical bone layers found in the shell of a
turtle are also known as compact bone (Cortical Bone). Compact bone is extremely
dense, making up the outer layer of bones found in most species including humans
(Cortical Bone). In turtles, these two eorticallayers are separated by trabecular bone
tissue, a type of spollh'Ybone with a honeycomb-like structure (Krauss et al., 2009;
Damiens et al., 2012; Trabecular Bone). When the shell is under compression, this
porous layer works to absorb some of the energy, decreasing the amount that is
transferred through the endoeorticallayer to the internal organs (Krauss et al., 2009).
This type of bone structure, often found in the skulls and flat bones of vertebrates, also
provides a high bending_stiffness-to-weight ratio, further increasing the strength of the
structure (Krauss et al., 2009).
The entire shell is curved to fonn a dome, with some species having more domed
shells than others (Magwene and Socha, 2013; Gilbert et al., 2001; Krauss et al., 2009).
This geometric design maximizes the volume ofthe turtle's shell while minimizing its
surface area. It also alloWSthe turtle's shell to be relatively light in construction yet rather
stiff and rigid when under external forces such as the compression of a predator's bite.
Other dome-shaped structures in nature, such as eggs, human skulls, and the shells of
some seeds and mollusks, tend to be highly successful as their design allows for the equal
distribution in all directions of a force that is applied at any given point (Kubik and
Augarde, 2009).
~I
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The structural characteristics of the shell greatly reduces the risk of predation in
turtles (Fish and Stayton, 2014). The makeup and general shape of this structure also
decreases the stress experienced by the inner organs when under compression (Krauss et
al.• 2009). Though the basic shell structure of all turtle species is similar, differences in
shape, size, and level of ossification can be seen between species as well as within
species. Intraspecific changes are often associated with ontogenesis and sexual
dimorphism.
Effects of Ontogeny on Shell Strength:
As an organism grOWStoward maturity, the physiological, morphological, and
behavioral transformations that it undergoes are known collectively as ontogenesis.
Ontogeny is the process by which these changes occur and is usually divided into discrete
stages (Alberch et 01., 1979). Ontogenetic changes can be seen in virtually all organisms,
having significant effects on both the form and lunction of an individual (Fish and
Stayton, 2014).
Turtles exhibit drastic changes in shell size and shape as they grow. For example,
the leatherback sea turtle (Dermochelys coriacea) is the world's largest turtle
(Leatherback Turtle). It can weigh up to 907 kg and grows to be nearly 2 m long on
average. Hatchlings of this species usually weigh between 0.04 and 0.06 kg and are only
5-7.5 em long (Leatherback Turtl e). Chelonia mydas, commonly known as the green sea
turtle, also experiences drastic changes in size. As it ages it grows from a 0.02 kg, 5 em
Iong hatchling to a meter long adult weighing between 136 and 15
9
kg (Green Turtl e).
Semi-aquatic and terrestrial turtles experience similar changes throughout ontogeny. In
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Trachemys scripta elegans (red-eared slider turtle) adults are, on average, 30 cm in length
yet hatchlings can be 2.5 em or smaller (Fish and Stayton, 2014). These drastic size
differences associated with ontogenetic changes greatly influence the mechanical
properties of the turtles' shells.
As turtles mature, their shells undergo multiple changes that affect their
biomechanical properties (Fish and Stayton, 2014). An overall increase in size can be
seen, as well as changes in the shell shape, as a turtle moves toward maturity. As they
age, the shell of a turtle becomes less rounded and more elongate. The plastron tends to
become wider towards the tail and narrower at the bridge while the carapace becomes
shallower and less domed in comparison to their juvenile counterparts (Fish and Stayton,
2014).
In addition to changes in overall size and shape, the shells of maturing turtles also
undergo changes in composition and ossification (Fish and Stayton, 2014). Primary
ossification of turtle shells occur in ava, but after hatching, secondary ossification ofthe
bones occurs gradually (Gilbert et al., 2001; Magwene and Socha, 2013; Fish and
Stayton, 2014). While still undergoing embryoni c development, a carapacial ridge is
formed 00 the sides of the developing tortl e just posterior to the turtle's limb buds
(Krauss et al., 2009). This structure is the first indication ofthe embryo's developing
shell and will eventually serve as the bridge between the turtle's carapace and plastron. In
most vertebrates, factors influencing rib development cause them to h'TOW downward, but
this carapacial ridge, found only in chelonians, secretes growth factors that directs the
growth of the ribs to the sides (J(rauss et al., 2009). Though the ribs begin forming ill
ava, they do not campi etel y calcify until approximately 45 days post -hatching (Fish and
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Stayton, 2014). Before reaching maturity, the shell consists solely of a layer of scale-like
structures called scutes that cover the ribs and connective tissues of the individual
,
making the shell rather weak (Magwene and Socha, 2013). Dennal bones will eventually
form between the ribs, increasing the overall ossification and strength of the turtle shell.
The rate at which this dermal bone forms can be influenced by environmental conditions
,
usually taking close to 118 days to become completely coalesced (Krauss et al., 2009;
Fish and Stayton, 2014; Gilbert ef al., 2001). The rate at which the ossification 0fa
turtle's shell occurs can greatly influence the turtle's survivorship, as those that are less
fully ossified are softer and therefore more likely to become prey items (Fish and Stayton
2014).
Due to their small size and minimal ossification, juvenile turtle shells are weaker
than those of adults and are more flexible (Magwene and Socha, 2013). Under both
compressive and point-load forces, larger shells are able to withstand greater amounts of
force before breaking compared to smaller, juvenile shells (Magwene and Socha, 2013).
However, the shells of juveniles arc able to withstand greater defonnations before failure
(Magwen e and Socha, 2013; Fish and Stayton, 2014). Thro ugh the use 0f finite element
methods, Fish and Stayton (2014) were able to conclude that the shape of a juvenile
turtl e' s shell was stronger than that of an adult but when size and ossificati on were
accounted for the j uvenil e' s shell was found to be significant! Yweaker than that of a
mature shell.
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Effects of Sexual Dimorphism on Shell Strength:
Through each stage of ontogeny, selective pressures act on sex-linked genes
differently, which results in an exaggerated difference between the adults of some species
(Badyaev, 2002). As ontogeny drives the development of an individual into maturity,
sexual differences become more apparent resulting in sexual dimorphism (8adyaev,
2002).
Sexual dimorphism is defined as the physiological, morphological, and behavioral
differences that are present in mature males and females of the same species (Fairbain
,
1997). Sexually dimorphic traits can be seen in a wide variety of organisms and have
evolved due to intra-sexual and intersexual selective pressures (Fairbain, 1997; Built; et
al., 2008; Lees ef al., 2012). The differences in the reproductive roles, mating ritual sand
parental care of the two sexes are thought to influence the degree to which the sexually
dimorphic traits are apparent (Fairbain, 1997; Bul te et al., 2008; Lees et al., 2012). These
dimorphic traits can include differences in size, color, behavioral displays, and the
presence or absence of certain body parts.
Since the reproductive role of an organism is thought to have an impact on
sexually dimorphic traits, natural selection will favor those individuals who possess traits
that increase their reproductive success. Male reproductive success is typically
determined by the individual's ability to find a mate and produce offspring, meaning that
sexual selection will favor the presence of traits that aid in the reproductive process
(Bulte et al., 2008). In monogamOUS species, where females are not the limiting factor in
the reproductive success of males, sexual dimorphism is often less pronounced (Lees et
al.. 2012). The reproductive success ofa female is often dependent upon fertility (Bulte
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et al., 2008). This, for example, may result in larger females that are capable of carrying
more young or females that are capable of consuming more energy during gestation
(Bulte et al., 2008; Vega and Stayton, 2011). These traits and the degree to which these
traits are displayed vary among species.
Most turtle species display significant sexual dimorphism as adults (Iverson
,
1988; Vega and Stayton, 2011). In Graptemys geographica (common map turtle), a semi-
aquatic turtle, adult males typicallY weigh around 0.5 kg and have a plastron length of75
mm while adult females have a weight of2.3-2.7 kg and are approximately 175 mm in
length (Gordon and MacCulloch, 1980). In most species, female turtles have shells that
are larger, taller, and more dome-shaped, increasing their body volume, while males tend
to have flatter shells with larger openings (Iverson 1988; Vega and Stayton, 2
0
11). Ithas
been hypothesized that the increased volume offemale shells allows larger clutches of
eggs to be held, while the larger openings in the shells of males allow for more
maneuverability and therefore increased success in dispersal and courtship (Vega and
Stayton, 2011). Males also tend to have a concave plastron believed to aid in mating
(Vega and Stayton, 2011; Iverson, 1988).
The differences in male and female shell shape playa large role in their variation
in strength, as domed shells are able to withstand larger compressive forces than flattened
ones (Rivera and Stayton, 2011). Because of the overall larger size and domed shape of
females' shell, it is believed that they are stronger than those of males. Studies utilizing
finite element modeling support this hypothesis and show that when size is accounted f
or,
differences in strength are far leSSdistinct than when only shape is considered (Vega and
Stayton, 20 1l). Thus, the size of a shell as well as its shape, both infl uence the
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mechanical properties yet the exact relationship varies between species (Vega and
Stayton, 2011; Fish and Stayton, 2014). It has also been hypo thesized that in order to
compensate for the consequences associated with their shape and size, male turtles shells
arc composed of stronger materials than females (Vega and Stayton, 2011).
Sexual dimorphism has been studied in a variety of turtle species including
Trachemys scripta elegans (Red-Eared Slider Turtle), Graptemys geographica (Common
Map Turtle), Malayemys macrocephala (Snail-Eating Turtle), Chelonia mydas (Green
Sea Turtl e) and many more. This group of species ranges from semi -aquatic to aquatic
and all have been shown to display significant sexual dimorphisms. In all cases the
females arc larger and more domed than their male counterparts (Fish and Stayton, 2014;
Iverson, 1988; Brophy, 2006; Godley et al., 2002). Due to similarities in sexual
dimorphism among this array of turtle species, it can be assumed that the size and shape
of female shells allow them to be stronger than male sheJls in all populations where
females are the larger of the two sexes.
In some species where the males participate in physical combat to win a mate or
where forced insemination is used as a reproductive tactic, male turtles tend to be larger
than females (Berry and Shine, 1980). In these scenarios, one would expect that the larger
male shell would be stronger than that of the female when size was the only variable
accounted for. The shape and level of ossification could also have profound effects on the
shell strength deeming it impossible to detennine which sex has a stronger shell without
further investigating these species. Male size superiority in turtles is rare but occurs most
commonly in fully terrestrial species, followed by semi-aquatic species, and is rarely seen
in fully aquatic species (Berry and Shine, 1980).
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Conclusion:
Within a given species of turtle, sexual dimorphism and ontogenetic changes both
account for differences seen in shell shape, size, and ossification. These differences have
a direct influence on the overall strength of the shell. Adult females tend to have a
stronger shell than males while adults have a stronger shell than juveniles (Magwene and
Socha, 2013; Fish and Stayton, 2014). Differences in the shell strength of adults are
thought to be directly related to the reproductive roles of the two sexes (Vega and
Stayton, 2011) while the differences between adult and juvenile shell strength are the
result of increased ossification and growth as a turtle matures (Magwene and Socha
,
2013).
In addition, the structural characteristics of the shell are designed to increase the
compressive forces that an individual turtle is able to withstand. Shells are composed of
multi-bone structures that are arranged to absorb energy, increase rigidity, and minimize
weight; further increasing the overall strength of the turtle's shell while still pennitting
maneuverability and reproduction (Krauss et al., 2009; Kubik and Augarde, 2009).
By looking further into the variables that affect shell strength one is better able to
understand the life cycle, habitat, and behaviors of these organisms. In some species of
turtles, juveniles hatch in the fall but do not emerge from their nest until the following
spring, likely to avoid freezing (Baker et al., 20 10). Based on what is known about the
strength of a juvenile's shell, it may be a beneficial by product for these individuals to
stay in their nest until spring so that they are larger and more fully ossified before
emerging and facing the risk of predation. It is also possible that in populations where
males are significantly smaller than their female counterparts, the decreased size ofthe
--------
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male's shell allows it to move faster than the larger female. Therefore, smaller males may
not need to have as strong of a shell to survive predation and instead are able to
successfully flee when threatened. One could also hypothesize that the early maturation
of male turtles is selected for in nature and therefore their small size and weaker shells
may be consequences of rapidly reaching sexual maturity.
As in many organismS, members of the chelonian class have evolved over the
years to evade predation. The development of this armored shell sets turtles apart from
other reptiles and provides them with a source of protection. Both natural selection and
sexual selection have affected the structural and mineral properties of this source of
protection resulting in strength differentials between sexes as well as between adults and
juveniles.
Future Research:
Few studies have been conducted to determine the effects of shape, size and
ossi fication on the overall strength of a wrtl e' s shell. Ofthe studios that have been
performed, the majority have looked at only a few different species of turtles. Therefore
future research should be conducted to examine the shell strength of varying species,
looking specificallY at how these variables change through ontogeny. The mineral
composition is also another variable that could have an effect on shell strength and should
be studied further.
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The Effects of ontogenetic Changes in Size and Shape on the Shell Strength of
Graptemys geographica.
Abstract:
The shell of a turtle acts as its first line of defense by resisting the compressive
forces applied by a potential predator. Changes in shell size and shape that are associated
with ontogenesis and sexual dimorphism have been shown to greatly impact the strength
a turtle's shell in a variety of species. Here I have tested the effects of ontogenetic
changes on the shell strength of Graptemys geagraphica. The results suggest that the
morphological changes that occur during ontogenesis work to increase the overall
strength of the shell. The data did not show any obvious morphological or mechanical
differences between the shells o[females and males that were expected to arise as sexual
dimorphisms became apparent. These results coincide with previouS studies on other
species of turtles and suggest that juvenil e and edult turtles may face different predatory
threats, leading to differences in shell shape and size.
Introduction:
The armored shell of a turtle serves to protect it from the compressive forces that
may be appli ed by poten tial predators (MagWene and Socha, 2
0
13; Dami ens et al., 20 12).
It is composed of tWOprimary segments, a dorsal carapace and ventral plastron, which
are connected at a region known as the bridge (Magwene and Socha, 2013; Gilbert et al.,
2001; Krauss et al., 2009). The vertebrae, ribs, and denn
al
bones that make up the
carapace and plastron consist of twOthin but compact cortical layers separated by
spongy, trabecular bone tissue (KraUSSet al.. 2009). This specifiC bone structure helps to
maximize the strength of the shell due to the trabecular bone tissue's ability to absorb the
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energy of a compressive force. In doing so, this bone arraogement minimizes the
energy
th
at is transferred to the fleshy parts of the turtle's body (Krauss et al., 2009).
Add' ,
itionally, the overall dome-shape of the shell also works to decrease the force applied
by potential predators. Domes naturally distribute a force applied at any specific point,
equally, in all directions (Kubik and Aug
arde
, 2009),
Studies have Suggested that the mechanical properties that are responsible for the
shell's strength are subj ect to change through ontogenesis (Fish and Stayton, 2014). As
most turtles mature, their shells groW in size and become less circular and more
elongated. They also become flatter and the bones of the shell become more fully ossified
(F ish and Slayton, 2014). When considering shape alone, a juveni le's more domed shell
is able to withstand larger compressive forces than that of an adult, but when both the
size and degree of ossification ofthe shell are also taken into account, juvenile shells are
weaker than their adult counterparts (Fish and Stayton, 2014; Magwene and Socha,
2013). Adult shells are therefore able to withstand greater forces than a juvenile;
however, juvenile shells are more flexible and able to undergo larger degrees of
deformation before failure (Fish and Stayton, 2014; Magwene and socha, 2013).
As an individual turtle reaches maturity, sexual dimorphisms arise and further
infl uence shell strength (lverson, 1988; Vega and Stayton, 2011). In many species of
turtles, adult males are smaller and flatter than adult females. Males also have a concave
plastron believed to help in dispersal and mating, while females have relatively flat
plastrons (Vega and Stayton, 201 I). Due to their larger size and more dome-shaped
shells, females are thought to be able to withstand larger compressive forces than the
shells of males (Rivera and Stayton, 2011; Vega and Stayton, 2011).
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In this experiment I look directly at the relationship between size, shape, and
strength in Graptemy" geographica (common map turtle). Graptemys geographica is a
semi-aquatic species of turtle that inhabits regions of Canada and the united States
,
ranging from Quebec and ontario to Alabama and from Delaware west to Minnesota
(Graptemys geographical. Species found in this genus display significant sexual
dimorphism as adults, with females possessing larger and dome-shaped carapaces while
males are smaller and flatter (Iverson, 1988; Vega and Stayton, 2011). On average, adult
males weigh about 0.5 kg and have a plastron length of75 mm while adult females have
a weight of 2.3- 2.7 kg and are 175 rnrn in length (Gordon and MacCo IIoch, 1980).
Juveniles are much smaller, usually only 25-33 mm and though they hatch in the fall,
they first emerge from their nest the following spring (Graptemys geographical·
In this study I measure the morpho logy and mechanics of the shells of G.
geographica acrosS ontogeny. I hypothesize that juvenile shells will be more circular and
domed than adult shells. I hypothesize that these small shells will be relatively weaker
than larger oncS and will therefore undergo greater degrees of deformity when loads are
added. I also anticipate seeing a relationship between sex and shell size and shape, with
male shells being smaller and flatter than female shells. In relation to the overall strength
of the shells, I hypothesize that female shells will be stronger than those of the males and
will therefore deform less when under similar compressive loads.
Materials and Methods:
Common map turtles (G. geographica, n~35), ranging in size from 29.65- 122.99
mm total carapace length, were obtained from the Field Museum of Natural History in
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Chicago, Illinois through the help of Alan Resetar (Table 1). All specimens were shipped
while wrapped in ethanol soaked cloth and packaged in heat-sealed plastic bags. During
experimentation, turtles were kept in a 70% ethanol solution.
Morphological Measurements:
Digital calipers were used to measure the turtles' carapace length (CL), carapace
width (CW), plastron length (PL), and plastron width (PW). The CL and PL were
measured so that the calipers ran directly down the midline of the shell. To measure the
CW, the calipers were positioned directly over the central-most scute of the turtle's shell
and the rw was measured at its widest point (Fig 1). The curved carapace length was
then measured along both its dorsal-ventral (DV) and left-to-right (LR) axes using a cloth
ruler. The ratio of curved carapace length in the DV direction to the CL was graphed
against the CL to detennine if the shell became more or less domed as the turtle aged. A
second graph using the ratio of the LR curved carapace length to the CW was graphed
against the CW. An electric scale was used to detennine the mass of each specimen. The
curvature ofthe plastron was noted to help determine the sex of each individual.
Experil1wntal Apparatus and Shell Dejormability:
Our experimental design [adapted from Fish and Stayton (2014) J aimed to
detennine the ovemll strength of the turtle shells. A Squisherator was used to mimic the
forces that may be applied by potential predators and to detennine the degree of
deformation that each shell was able to undergo.
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To create the Squisherator, a ring stand and two clamps were used to bold a piece
of PVC pipe with an inner diameter of25.9 mrn and an outer diameter of33.4 rom in a
vertical position. A 24.9 mm diameter wooden dowel with a ruler taped to it was lowered
into the pipe. The wooden dowel was able to easily slide up and down through the pipe
and a point along the PVC pipe was marked as a reference for measurements. A small
wooden platform and plastic tub were then screwed onto the top of the wooden beam to
act as a platfonn for weights to be added.
Turtles were placed under the Squisherator so that the wooden dowel was directly
atop the center-most scute. A paper towel was placed between the dowel and shell so as
to not damage the sbell (Fig 2). The initial height was recorded and then weights ranging
from 0.03-1.5 kg were slowly added to the Squisberator. The changes in the height of the
turtle's shell were noted as the weights increased. The size of the weights used for each
specimen was scaled to reflect the size of the given individual. Typically 4-6 weights
were added, with the endpoint determined by the point in which the shell resisted further
deformation or the total defonnation exceeded 1 mtn.
Data Analysis:
Carapace length was used as the standard detenninant of the turtles' overall size.
All other morphological measurements were graphed against CL to detennine the rate at
which each measurement changed as CL increased. These data were analyzed further to
detennine if any visible differences could be seen that would aid in the sexing of each
specimen.
To determine the degree of defonnability of the Mile shells, the percent change in
height was calculated when a given weight was applied. A regression was constructed for
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each turtle, showing the percent change in height in response to kilograms added. A trend
line was applied to each graph and the slopes were used to represent the overdll degree of
deformity of each shell.
Results:
Morphological Measurements:
A positive correlation was seen between the length of the turtles' carapace and
their plastron length, carapace width, and plastron width (Fig 3a-c). The rate at which the
plastron length increased in size was faster than that of carapace width or plastron width.
A positive correlation between carapace length and turtle height was also observed (Fig
3d). Additionally, it was determined that curved carapace length along the dorsal-ventral
axis increased at a faster rate than did the curved carapace length along the left-to-right
axis (Fig 4). A negative correlation was seen between both the ratio of the curved
carapace length DV to the CL when plotted against the CL and the ratio of the curved
carapace length LR to the CW when graphed against the CW (Fig 5). Weight appeared to
increase exponentially and when logged, increased linearly (Fig 6).
All turtles except one were noted as having relatively flat plastrons and therefore
we were not successfully able to determine sex in this study. None of the morphological
data displayed significant evidence oflhe appearance of sexual dimorphism as the turtle
shells grew in size.
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Shell Deformability:
The degree of deformability of a shell was found to decrease as the overall size of
the turtle increased. When plotted against carapace length, the level of deformabilily
decreased rapidly until a carapace length of about 60-70 mm was reached. At this point,
the rate of decrease slowed. Above 80 mrn carapace length deformation was negligible
(Fig 7).
Discussion:
As hypothesized, the results show that the rate at which the length of G.
geographica increases is faster than the rate that their width increases (Fig 3a-c). These
data suggest that as a turtle ages it elongates and becomes less circular, coinciding with
the growth patterns of the red-eared slider turtle (Trachcmys scripta clegans) (Fish and
Stayton, 2014). Differences in the heights 0fjuvenile and adult turtle shells were small
relative to changes in length. With less than a 20 rnm differences between the tallest and
shortest specimens tested, length appears to be a better indication oHurtle age than does
height (Fig 3d). It also appears that as a turtle ages its curved carapace length increases at
a faster rate in the dorsal-ventral direction than in the left-to-right direction (Fig 4).
However the shell becomes less domed in both directions as an individual matures from
,
juvenile to adult (Fig 5).
According to previous research done with G. geographica, sexual dimorphisms in
PL become apparent at 60-70 mm (Iverson, 1988). Males typically grow to no more than
75mm while females continue to groWup to 175 mm PL (Gordon and MacCulloch,
1980). Because many of the specimens exceed ed 100 mrn PL, I expected to see a speci fic
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point along the morphological graphs where two distinct sexes would separate, providing
evidence for the appearance of sexual dimorphisms. However, our data showed no
obvious divergence among the data, suggesting the sexual dimorphism was not made
apparent in this study. According to Rowe (1997), the size of a turtle appears to be more
critical in detennining individual maturity than actual age; that is, a turtle reaches sexual
maturity at a certain size, not a certain age. It is therefore possible, since even our largest
specimens were nearly 70 rnm shy of the 175 mrn average adult female PL, that not all
female individuals tested had reached sexual maturity and therefore had not begun to
display sexually dimorphic characteristics. Future research should use other means, in
addition to plastron curvature, to detennine the sex of the specimens such as the tail
length. It should also include larger specimens to ensure that sexual maturity has been
reached by at least some test subjects. It is also possible that our adult sample size was
too small for sexually dimorphic traits to make themselves apparent during data analysis.
The defonnability analysis that was conducted supported the hypothesis that
shells become stronger and therefore defonn less as a turtle ages. Fish and Stayton (2014)
observed a similar trend in the shell strength ofthe red-eared slider turtle. In their
experiment the degree of shell defonnation decreased rapidly, slowed between 30-50
mm, and became negligible after 70 mm. Difference in the size at which the degree of
defonnation slows and becomes negligible between the two species may suggest that the
red-eared slider turtle reaches sexual maturity at a smaller size than does the common
map turtle. The general decrease in shell defonnation in all species is believed to be a
result of the overall increase in size and level of ossi ficati on (Fish and Stayton, 2014;
Magwene and Socha, 2013). Based on the data collected, I did not see any evidence that
-------------~=====-~
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female shells arc stronger than male turtle shells as originally expected. As previously
stated, this could be due to the fact that the females in this study had not yet reached
sexual maturity. It is also possible that the weights used to deform the specimens were
too small to deform the shells to a level that would show sexually dimorphic differences
in shell strength. In nature, a predator would destroy a turtle shell by compressing it until
it failed, but because I was using museum specimens 1was not able to destructively
sample the shells. Therefore, the maximum weight used in this experiment was 1.5 kg or
14.7 N. The average bite forces of a raccoon and coyote, two natural predators ofO.
geographica, are 38 Nand 137 N, respectively. (Partymiiler; Wiersma, 2001). Future
studies should use shells that can be compressed to failure so that the forces used match
the bite forces of the common map turtle's natural predators, in hopes of observing
difference in male and female shell strength.
Additional research should be conducted to better understand the role that the
degree of ossification plays in the sheil strength of O. geographica. It is known that the
shell of a turtle ossifies as it ages, which increases its overail strength (Fish and Stayton,
2014; Mag
wene
and Socha, 20!3; KrauSs et al., 2009). However, it is not known if the
degree of ossification is different in adult males and females, which could influence
overall shell strengtll. It has also been hypothesized that male turtles may compensate for
their weaker size and shape by being composed of stronger material (Vega and Stayton,
2011). If this is true, it could help to explain why no sexual dimorphic differences in shell
strength were observed in this experiment. Research should aim to detennine the mineral
composition of both male and female shells to detennine its role in overall shell strength.
Table 1: Carapace length of turtle specimens.
1~,.I=J'ilmN
I.}:lt[:.11 r::JI1'!l ~illm1ii1
38002
29.65
20784
41.14
435
66.30
2123a
85.42
6451
105.17
477
113.23
480
111.88
13162
93.15
479
96.35
2626a
116.43
2626b
115.32
92124
73.34
742a
81.27
39301
73.02
478
100.59
476
113.91
39159
40.66
742b
56.19
3800
36.40
38001
49.61
92123
33.68
*33878
39.05
29405
45.89
33669
56.58
204631
50.16
33651
45.78
38004
33.50
33670
39.70
2925
70.23
2512
49.85
37999
32.13
2123b
46.00
166534
69.41
35958
53.29
2626c
122.99
* Indicates specimen with concave plastron
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Figure 1: MorphOlogical measurements taken on the dorsal carapace and ventral
plastron. Left: The carapace marked with lines showing the points used to measure the
carapace length (vertical line) and width (horizontal). Right: The plastron of the turtle
with lines indicating the points used to measure the plastron length (vertical) and width
(horizontal). A roler was included to show relative size of the turtles.
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Figure 2: Squisherato
r
used to determine degree of deformation of turtle shell.
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Figure 3: Morphological measurements vs. carapace length. A.) The plastron length,
B.) carapace length, and C.) plastron width were measured using digital calibers. D.) The
height of the turtles was calculated using the squisherato
r
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~'igure 4: Changes in the curved carapace length as carapace length increases. The
curved carapace length was measured in both the A.) dorsal-ventral and B.) left-to-right
directions using a cloth ruler.
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Figure 5: Change in dome sbape in relation to carapace length. A.) The ratio between
the curved carapace length DV and carapace length was determined. B.) A ratio ofthe
curved carapace length LR to the carapace width was calculated and plotted.
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Figure 6: Turtle weight as carapace length increases. A.) The weight ofthe turtle
increased exponentially as the overall size increased. B.) The log of both the weight and
carapace length was determined.
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Figure 7: Degree of deformation of turtle sltells. The percent change in Iteight was
calculated for each specimen when a given weight was applied.
Speck 34
References:
Damiens, R., H. Rhee, Y. Hwang, S.l. Park, Y. Hammi, H. Lim, M.F. Horstemeyer.
2012. Compressive behaviors of a turtle's shell: experiment, modeling, and simulation .
.Journal of the Mechanical Behavior of Biomechanical Materials 6: 106-112.
Fish, J.F., and C.T. Stayton. 2014. Morphological and mechanical changes in juvenile
red-eared slider turtle (Truchemys scripta clegans) shells during ontogeny . .Journal of
Morphology.
Gilbert, S.F., G.A. Loredo, A. Brukman, and A.C. Burke. 2001. Morphogenesis of the
turtle shell: the development of a novel structure in tetrapod evolution. Evolution and
Development 3.2:47-58.
Gordon, D.M., and R.D. MacCulloch. 1980. An investigation of the ecology of the map
turtle, Graptemys geographica (leSueur), in the northern part of its range. Canadian
Journal ofZoology 58: 2210-2219.
Graptemys geographica. International Union for Consercation of Nature and Natural
Resources Red List of Threatened Species. Accessed Mar 3, 2015.
http://Www.iucnredlist.orgidetails/165598/0
Iverson, J.B. 1988. Growth in the Common map turtle, Graptemys geographica. Kansas
Academy of Science 91: 153-157.
Krauss, S., E. Monsonego-Oman, E. Zelzer and R. Shahar. 2009. Mechanical function of
a complex three-dim ensi onal suture joining the bony elements in the shell of the red-
eared slider turtle.Advanced Materials 21: 407-412.
Kubik, M. and C, Augarde. 2009. Structural Analysis of Geodesic Domes. Durham
Univeristy School of Enigineering.
Magw
ene
, P.M., and J.J. Socha. 2013. Biomechanics of turtle shells: how whole shells
tail in compression . .Journal of Experimental Zoology Part A: Ecological Genetics and
Physiology 319(2): 86-98.
Partymiller, Lindsay. Common Map Turtle (Graptemys geographical· Savannah River
Ecology Laboratory. Accessed Feb 28, 2015
http://srelherp.uga.edu/turtles/grageo.htm
Rivera, G., and C.T. Stayton. 20 II. Finite element modeling of shell shape in the
Ireshwater turtle Pseudemys concinna reveals a trade-off between mechanical strength
and hydrodynamic efficiency. Journal of Morphology 272(10): 192-203.
Speck 35
Rowe, J.W. 1997. Growth rate, body size, sexual dimorphism and morphometric
variation in four populations of painted turtles (Chrysemys picta bellii) from Nebraska.
American Midland Naturalist 138:174-188.
Vega, C. and C.T. Stayton. 2011. Dimorphism in shell shape and strength in two species
of emydid turtle. Herpetologica 67(4): 397-405.
Wiersma, J.H. 2001. Maximum Estimated Bite Force, Skull Morphology, and Primary
Prey Size in North American Carnivores. M.S. Thesis. Laurentian University
